The C 2 H and C 2 D radicals are investigated by slow electron velocity-map imaging ͑SEVI͒ of the corresponding anions. This technique offers considerably higher resolution ͑Ͻ0.5 meV͒ than photoelectron spectroscopy. As a result, SEVI spectra of the two isotopomers yield improved electron affinities and reveal many new structures that are particularly sensitive to vibronic coupling between the ground 2 ⌺ + and low-lying excited 2 ⌸ states. These structures, which encompass more than 5000 cm −1 of internal excitation, are assigned with the aid of previous experimental and theoretical work. We also show that SEVI can be applied to photodetachment transitions resulting in ejection of an electron with orbital angular momentum l =1, a p wave, in contrast to anion zero-electron kinetic energy spectroscopy which is restricted to s-wave detachment.
I. INTRODUCTION
This paper focuses on the spectroscopy of the ethynyl radical C 2 H using the recently developed anion photodetachment technique of slow electron velocity-map imaging ͑SEVI͒. 1 One of the smallest carbon monohydrides, the ethynyl radical has been observed in abundance among various interstellar mediums [2] [3] [4] [5] [6] [7] [8] and is an important reactive intermediate in combustion processes. [9] [10] [11] Numerous spectroscopic techniques have been applied to this radical, including electron spin resonance, [12] [13] [14] laser magnetic resonance, [15] [16] [17] [18] microwave and millimeter-wave spectroscopies, [19] [20] [21] [22] [23] matrix isolation infrared ͑IR͒ spectroscopy, [24] [25] [26] [27] color center, difference-frequency and diode laser spectroscopies, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] Fourier transform infrared emission spectroscopy, 39 laserinduced fluorescence, [40] [41] [42] and photoelectron ͑PE͒ spectroscopy of the C 2 H − anion. 43, 44 Theoretical work on the spectroscopy of the radical has been carried out by Peyerimoff and co-workers, [45] [46] [47] [48] [49] [50] [51] [52] and more recently, by Carter and co-workers. [53] [54] [55] This extensive body of spectroscopic and theoretical work has shown that C 2 H, a linear, triatomic species, is an important model system for understanding the interactions between close-lying electronic states in polyatomic molecules. C 2 H exhibits a complex vibronic coupling in its ground state, owing to a conical intersection between the ground X 2 ⌺ + ͑AЈ͒ state and the low-lying 2 ⌸͑AЈ͒ and 2 ⌸͑AЉ͒ states, which are about 3700 cm −1 above the ground state. Along the linear axis, there is Renner-Teller coupling between the electronic and vibrational angular momenta of the 2 AЈ and 2 AЉ components of the 2 ⌸ state, while the bend vibration induces pseudo-Jahn-Teller coupling between the 2 ⌺ + state and the 2 AЈ component of the 2 ⌸ state. 54 The resulting breakdown of the Born-Oppenheimer approximation complicates vibrational assignments of the C 2 H radical, and poses a challenge to both theory and experiment. Much of our understanding of these effects in C 2 H has come from rotationally resolved IR spectroscopy, but PE spectroscopy of C 2 H − has provided additional and complementary information. While IR spectroscopy probes transitions within the 2 ⌺ + state and between the X 2 ⌺ + and Ã 2 ⌸ states, the selection rules in PE spectroscopy enable one to map out the ground and low-lying states of C 2 H on an equal footing via photodetachment from the anion X 1 ⌺ + ground state. In IR spectroscopy, one can infer the extent of vibronic coupling between the 2 ⌺ + and 2 ⌸ states for each band by determination of the effective spin-orbit coupling constant, 31, 36 whereas in PE spectroscopy, vibronic coupling is evidenced by the observation of nominally forbidden transitions and anomalous photoelectron angular distributions. 56 Ervin and Lineberger 43 measured the first photoelectron spectra of C 2 H − and C 2 D − . They observed a spectrum dominated by the X 2 ⌺ + -X 1 ⌺ + 0-0 origin band, indicating a small geometry change between the anion and the radical ground state. The PE spectrum exhibited numerous transitions involving the bending ͑ 2 ͒ and the C-C stretching ͑ 3 ͒ modes.
Vibronic coupling was manifested in the observation of odd ⌬ 2 transitions; such transitions in a non-totally symmetric vibration would otherwise have no intensity in one-photon photodetachment. Spectra taken at different laser polarizations showed that the odd ⌬ 2 transitions had a different photoelectron angular distribution than the even ⌬ 2 transi-tions. At the photon energy used in this experiment, 3.531 eV, the origin of the Ã 2 ⌸ state was not observed. PE spectra of C 2 H − and C 2 D − at 4.657 eV ͑266 nm͒ were reported by Taylor et al. 44 Strong transitions were observed in the region of the Ã 2 ⌸ state origin, where overlapped transitions to the X 2 ⌺ + and Ã 2 ⌸ states were expected. Assignments were made based on previous experiments and the photoelectron angular distributions. The latter showed strong variations among the various peaks, and assignments relied on the reasoning that transitions to neutral levels with dominant Ã 2 ⌸ state character would show different angular distributions than those primarily associated with the X 2 ⌺ + state. Nonetheless, some of the assignments were problematic. In particular, based on the well known Ã ͑010͒-X ͑010͒ sequence-band in the IR spectrum, 29 one of the most intense features in the PE spectrum, lying 4155 cm −1 above the ground state origin in C 2 H, was assigned to the forbidden transition from the anion ground vibrational state to the 2 = 1 of the Ã state with ⌺ − symmetry ͓Ã ͑01 − 0͔͒. According to recent calculations by Tarroni and Carter, 54 the electronic origin of the Ã state in the C 2 H radical is actually spread over several vibronic levels around 4000 cm −1 above the origin of the X state, suggesting that the above feature, as well as other peaks in the PE spectrum, are composed of multiple overlapping vibronic transitions. Such a complex spectrum, with vibronic levels separated by only a few meV, presents a challenge to anion PE spectroscopy, as its energy resolution is at best 5 -10 meV. Hence, photodetachment spectra at higher resolution are needed to determine the extent to which overlapping transitions contributed to the PE spectrum, and to obtain improved assignments. While anion zero-electron kinetic energy ͑ZEKE͒ spectroscopy offers considerably higher resolution ͑0.1-0.3 meV͒, 57 it is a challenging and time-consuming experiment. Moreover, anion ZEKE experiments are limited to species where the photoelectrons leave as an s wave, with orbital angular momentum l = 0. The SEVI technique 1 was developed in our laboratory with the goal of combining the advantage of PE spectroscopy with the resolving power of ZEKE.
Here, we present the SEVI spectra of C 2 H − and C 2 D − in order to gain new insights into non-adiabatic coupling in the ethynyl radical and to address issues left unresolved in earlier PE spectra. Many new features are resolved, particularly for C 2 D, for which we mapped out several higher-lying energy levels that, to our knowledge, have not been observed previously in gas phase IR spectroscopy. In addition, we show that SEVI can be applied to photodetachment transitions that proceed by p-wave detachment.
II. EXPERIMENT
The SEVI apparatus has been described in detail elsewhere. 1, 58, 59 In SEVI, mass-selected anions are photodetached at a set wavelength. The resulting photoelectrons are collected via velocity-map imaging 60 ͑VMI͒ using relatively low extraction voltages, with the goal of selectively detecting slow electrons with high efficiency and enlarging their image on the detector. A series of images can be obtained at different wavelengths, each yielding a high-resolution photoelectron spectrum over a limited range of electron kinetic energy.
Briefly, C 2 H − ͑C 2 D − ͒ anions were produced by expanding 100 psi ͑250 psi͒ of a mixture of 4% acetylene ͑acetylene-d 2 ͒, 48% carbon dioxide, and 48% argon into the source vacuum chamber through an Even-Lavie pulsed valve 61 equipped with a circular ionizer. Anions formed in the gas expansion were perpendicularly extracted into a Wiley-McLaren time-of-flight mass spectrometer and directed to the detachment region by a series of electrostatic lens and pinholes. A 1 s pulse on the last ion deflector allowed only the desired mass into the interaction region. Anions were photodetached between the repeller and the extraction plates of the VMI stack by the focused output of a Nd:YAG pumped tunable dye laser. The photoelectron cloud formed was then coaxially extracted down a 50 cm flight tube and mapped onto a detector comprising a chevronmounted pair of time-gated, imaging quality microchannel plates coupled to a phosphor screen, as is typically used in photofragment imaging experiments. 62 Events on the screen were collected by a 1024ϫ 1024 charge-coupled device ͑CCD͒ camera and sent to a computer. Electron velocitymapped images resulting from 25 000-100 000 laser pulses were summed, quadrant symmetrized, and inverse-Abel transformed. Photoelectron spectra were obtained via angular integration of the transformed images.
The apparatus was calibrated by acquiring SEVI images of atomic chloride and iodide at several different photon energies for each repeller voltage used ͑150-350 V͒. At a radius of ϳ300 pixels, ⌬E / E of 2% can be achieved. In the 150 V images, the full width at half maximum ͑FWHM͒ was 1.5 cm −1 at 10 cm −1 above threshold, while in the 350 V images the FWHM was 2.8 cm −1 at 23 cm −1 above threshold. Within the same image, all observed transitions have similar widths in pixels ͑⌬r͒, which means that transitions observed further from threshold ͑larger r͒ are broader in energy. These effects are illustrated in Fig. 1 , showing a transformed SEVI image of Cl − taken at 350 V. The outer and inner rings correspond to photodetachment to the Cl͑ 2 P 3/2 ͒ ground state and Cl͑ 2 P 1/2 ͒ spin-orbit excited state, respectively. Both rings are about 2 pixels wide but the outer ring is considerably broader in energy.
Overall, by varying the laser wavelength and VMI voltages, the instrument can be operated in distinct modes, each with its own pros and cons. For example, operation at higher repeller voltages results in efficient collection of electrons over a wide kinetic energy range at lower resolution, while reducing the repeller voltage restricts efficient collection to lower energy electrons and yields higher resolution. In a similar vein, at a fixed repeller voltage, the resolution observed for a particular photodetachment transition will depend on how far the photon energy lies above the threshold for that transition, with the resolution improving as the photon energy is brought closer to threshold. However, at fixed wavelength, lower repeller voltages often result in poorer signal-to-noise ratio, as the image radius is larger and therefore spread over more pixels. Moreover, the photodetachment cross section drops close to threshold for all transitions ͑some much more than others, as discussed below͒, thus limiting how close one can operate to a particular threshold while maintaining an acceptable signal-to-noise ratio. The spectra presented in the following section are taken under operating conditions yielding reasonable resolution and signal-to-noise ratio, taking into account that the ultimate linewidth in SEVI of molecular anions is generally determined by unresolved rotational structure rather than instrumental limitations.
III. RESULTS AND ANALYSIS

SEVI spectra of C 2 H
− taken at repeller voltages of 150-250 V are presented in Fig. 2 , while SEVI spectra of C 2 D − taken at 250-350 V are shown in Fig. 3 . The arrows in the spectra indicate the photon energies with which various images were taken. The spectra are plotted with respect to electron binding energy, eBE, the difference between the photon energy and the measured electron kinetic energy ͑eKE͒,
The top panels of Figs. 2 and 3 show the corresponding PE spectrum recorded by Taylor et al. 44 at 266 nm and a laser polarization angle of 55°, the "magic angle" ͑previously unpublished; Ref. 44 presents spectra taken at 0°and 90°͒. The SEVI spectra are presented in the four panels below, with regions I-IV indicated in the PE spectrum. Compared to the PE spectrum acquired by Taylor et al., 44 it is clear that SEVI resolves many more transitions. The four regions do not overlap in energy, but spectra have been acquired for all intermediate energies, and no features in addition to those in Figs. 2 and 3 were seen. Many features were examined at higher resolution by taking their SEVI spectra closer to threshold ͑i.e., the gray trace in panel III, Fig. 2͒ , and the peak widths given below are from such spectra. The relative intensities of the transitions in SEVI spectra change depending on the photon energy ͑detailed below͒; therefore, the transition intensities are approximated by comparing lower resolution SEVI spectra that cover the whole energy range with the PE spectra.
Overall, 23 features were observed in the SEVI spectra of C 2 H − in the eBE range between 23 000 and 29 650 cm −1 . Peak A is the most intense feature in region I of Table I . The gray trace in panel III is a close-to-threshold spectrum of peaks G and H, showing the narrower FWHM. For reasons of clarity, not all features are presented with their individual close-to-threshold spectra. Peak B intensity is five times in region I spectrum for clarity.
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includes the transition to the origin of the first excited state of C 2 D. The peaks in this region are intense, similar to C 2 H. Peak K, at 27 799 cm −1 , has a FWHM of 11 cm −1 . Region IV includes two strong transitions, peaks P and R, with widths of 15-20 cm −1 , and several weak peaks that are also broader. Tables I and II list all the transitions observed in the SEVI spectra of C 2 H − and C 2 D − , and compare them to previous experimental measurements and predictions from recent theoretical work. This comparison is visualized in Figs.  2 and 3 , where the solid and dashed vertical lines represent either a previously determined experimental band center or a calculated value. We note that several of the SEVI transitions reported here had not been seen in earlier experiments, particularly for C 2 D.
SEVI also provides information on the photoelectron angular distribution ͑PAD͒. For one-photon detachment, the PAD is given by
where is the angle between the direction of the photoelectron ejection and the polarization vector of the incident photon. The anisotropy parameter ␤ lies between 2 and −1, with these limits corresponding to cos 2 and sin 2 distributions, respectively, and provides information on the orbital angular momentum l of the ejected photoelectron; s-wave ͑l Figure 4 shows the transformed SEVI image of C 2 H − taken at photon energy of 28 183.6 cm −1 and a repeller voltage of 350 V, along with the corresponding photoelectron spectrum. It represents a low-resolution, high coverage SEVI spectrum that includes all the transitions in Fig. 2 up to peak L. The PADs for the two most prominent outer rings, features A and C, are peaked along the laser polarization direction, with ␤ = 1.9 and 1.8, respectively, while the PAD for peak G has more intensity perpendicular to the laser polarization direction, with ␤ = −0.3. The features at smaller radii than peak G are nearly isotropic. These values of ␤ thus indicate that features A and C are dominated by p-wave detachment, while peaks G-L are dominated by s-wave detachment. Tables I and II characterize the PAD of each transition in the SEVI spectrum according to its dominant s or p character; these were extracted from SEVI spectra at a variety of laser wavelengths. Generally, those that have ␤ value greater than 1.5 are labeled as "p," and those with ␤ value less than 0.5 ͑or slightly negative͒ are labeled as "s." We find interlaced s and p scatterings for the lower eBE features of both isotopic species, but at higher energy, s-wave detachment dominates. For some of the weak transitions at high eBE, it is difficult to determine whether they are dominated by s-wave or p-wave scattering, so the s / p labeling is left blank.
As discussed in previous work 43, 44 and in the next section, the PAD provides insight into vibronic coupling effects in C 2 H. However, there is an additional consideration of considerable interest here. According to the Wigner threshold law, 64 the photodetachment cross section near threshold is given by ϰ ͑⌬E͒ l+0. 5 , ͑3͒
where ⌬E = ͑h − E th ͒ is the difference between the photon energy and the detachment threshold. Equation ͑3͒ predicts that the cross section drops for small ⌬E regardless of l, but this effect is much more pronounced for processes with l Ͼ 0. Consequently, anion ZEKE spectroscopy, 57 which selectively detects electrons produced at values of ⌬E of a few cm −1 , works only for s-wave detachment. This limitation is significant since many anionic species do not undergo s-wave detachment near threshold owing to symmetry or the nature of the orbital from which detachment occurs. 65 In SEVI, the energy resolution increases with decreasing ⌬E, raising the question of whether its high-resolution capabilities can be applied to p-wave detachment. Figure 5 shows a SEVI image and photoelectron spectra of peaks A and d in C 2 H, both of which undergo p-wave detachment, taken at two photon energies ͑see caption͒ and a repeller voltage of 150 V. These peaks were partially resolved by Ervin and Lineberger 43 and assigned as the vibrational origin and the X ͑0,1,0͒ ← X ͑0,1,0͒ transitions in C 2 H. The SEVI spectra here represent much higher resolution conditions than in Fig. 4 , with the lower photon energy lying only 310 cm applied to p-wave detachment under conditions that yield substantially better energy resolution than photoelectron spectroscopy.
In the top ͑lower photon energy͒ trace of Fig. 5 , the relative intensity of peak A compared to peak d is lower than in the bottom trace. This observation can be explained with reference to Eq. ͑3͒, according to which
͑4͒
for p-wave detachment, with the result that the ratio of cross sections will decrease as the photon energy is lowered. Hence, although SEVI can be used to measure p-wave photodetachment transitions at high resolution, the relative intensities will be quite sensitive to photon energy. This effect will occur much more weakly for s-wave transitions since the corresponding exponent is 1 / 2, not 3 / 2.
IV. DISCUSSION
Assignments of the peaks in the SEVI spectra are aided by comparison to previously measured vibronic levels and calculated frequencies. Tarroni and Carter 54 have calculated the vibronic levels of C 2 H and C 2 D with up to 10 000 cm −1 of internal energy, and in the process reassigned a few previously observed IR transitions. Assignments of the vibronic species in this paper are based on those reported by Tarroni and Carter 54 and are listed in Tables I and II . The ͑ 1 , 2 , 3 ͒ notation indicates the number of quanta in the C-H stretch, CCH bend, and C-C stretch vibrations, with the superscript indicating vibronic angular momentum. Overall, there is excellent agreement between the SEVI frequencies and previous observations, with most deviations less than 10 cm −1 . Note that Tarroni and Carter 54 have calculated many more levels than we have observed and assigned, and, particularly for the high eBE transitions, the correspondence respectively. As a result, transitions from the X ͑0,0,0͒ level of the anion, which has ⌺ + vibronic symmetry and total vibrational angular momentum of zero, are generally only allowed to neutral levels with either ⌺ + or ⌸ vibronic symmetry with even quanta of total vibrational angular momentum. Transitions to ⌬, ⌽, etc., vibronic levels are nominally forbidden, so calculated levels with those vibronic symmetries can be eliminated from consideration.
Given that photodetachment to the X 2 ⌺ + and Ã 2 ⌸ states involves ejection from and orbitals, respectively, one expects different PADs for transitions to the two neutral states. The PE spectra of Ervin and Lineberger 43 and Taylor et al. 44 showed that photodetachment to the X 2 ⌺ + state yielded p-wave detachment when ⌬ 2 is even and s-wave detachment when odd, and transitions to pure or mixed Ã 2 ⌸ levels exhibited s-wave detachment. These trends, discussed in more detail below, also hold true for the considerably larger number of transitions seen in the SEVI spectra.
In region I, peak A in both C 2 H − and C 2 D − spectra is assigned to the 1 ⌺ + -2 ⌺ + 0-0 origin band. This assignment gives the electron affinity ͑EA͒ of 23 946± 10 cm −1 ͑2.9689± 0.0011 eV͒ for C 2 H, similar to the previously reported EA of 2.969± 0.006 eV. 43 Similarly, EA͑C 2 D͒ =23 955±10 cm −1 ͑2.9700± 0.0011 eV͒, only slightly blueshifted from C 2 H and similar to the previously reported EA of 2.973± 0.006 eV. 43 For each isotopomer, panel I also shows sequence band transitions from excited bending levels of the anion ͓i.e., the X ͑0,1,0͒ ← X ͑0,1,0͒ and X ͑0,2,0͒ ← X ͑0,2,0͒ transitions for C 2 H and X ͑0,1,0͒ ← X ͑0,1,0͒ for C 2 D͔, labeled with lowercase letters. As shown explicitly in Fig. 5 , the origin and sequence-band transitions exhibit strongly positive ␤ values characteristic of p-wave scattering. Peak B, a small feature lying 374 cm −1 above the origin transition in C 2 H and 284 cm −1 in C 2 D, is assigned to the transition from the anion ground state to the fundamental bend vibration of the radical ground state, X ͑0,1 1 ,0͒. As discussed previously, 43 an odd ⌬ transition in a non-totally symmetric vibration is nominally forbidden in one-photon photoelectron spectroscopy. However, this neutral level has ⌸ vibronic symmetry. It is thus coupled by pseudo-Jahn- Teller interaction to the totally symmetric vibrational levels of the Ã state, which also have ⌸ vibronic symmetry, resulting in nonzero intensity in the photoelectron spectrum. Explicit evidence of this coupling is seen in the PAD, which shows the s-wave detachment characteristic of a transition to the Ã state. Region II comprises several fairly weak transitions to excited vibrational levels of the X state. Peak C is assigned to X ͑0,0 0 ,1͒ for both isotopes. This ⌬ = 1 transition in the totally symmetric C-C stretching vibration is allowed in onephoton photodetachment process. Its p-wave PAD is in accordance with a transition to a neutral X state level with ⌺ + vibronic symmetry. Peaks D and F in region II have the same vibronic assignments in both isotopes, involving the combination bands of the bend vibration and the C-C stretching vibration. The very weak peak E, however, is assigned to the X ͑0,5
1 ,0͒ level in C 2 H and the X ͑0,2 0 ,1͒ level in C 2 D; the corresponding peaks for the other isotopic species are missing because of the low intensities of these transitions. Region II in part overlaps with the PE spectrum acquired by Ervin and Lineberger, 43 and a comparison between the two shows fewer transitions in the SEVI spectra. For example, transitions to the X ͑0,2 0 ,0͒ and X ͑0,3 1 ,0͒ states are not seen in the SEVI spectra. These are examples of weak transitions at slightly higher eBE than a strong transition ͑the origin band in this case͒ that are, in general, difficult to observe in the transformed image because they occur on top of the signal from the strong transition in the raw image.
Region III covers the spectral region of the Ã state origin. The PE spectrum of this region recorded by Taylor et al. 44 was somewhat problematic in terms of spectral assignment. For both isotopic species, one of the two intense peaks was assigned to the Ã ͑0,0,0͒ 1 state, but the second peak, at higher eBE, appeared to match the energy of the forbidden photodetachment transition from the anion ground state to the neutral Ã ͑0,1,0͒ 0 state with ⌺ − vibronic symmetry. The higher resolution SEVI spectra show that the two peaks in region III of the PE spectrum split into multiple features, G-L in C 2 H and H-L in C 2 D, each of which lies at or near an allowed photodetachment transition that has been identified experimentally by infrared spectroscopy. We can thus revise the problematic assignment of the photoelectron spectrum with the new assignments in Tables I and II. In Table I , the assignments of the spectral features in this region are all given as admixtures of excited vibrational levels of the X 2 ⌺ + state with the Ã ͑0,0,0͒ 1 level, while in Table II , for C 2 D, peaks G-J are listed as pure X state levels with ⌸ vibronic symmetry and peak K is given as the Ã ͑0,0,0͒ 1 level with no admixture of X state levels. This distinction, made by Tarroni and Carter 54 is based on calculation of the mixing coefficients as well as the calculated and experimental 29, 31 spin-orbit splittings for the levels in question; the latter are obtained from rotationally resolved IR spectra. A pure 2 ⌺ + level has no spin-orbit splitting, while a pure Ã 2 ⌸ level of C 2 H is estimated 31 to have a spin-orbit splitting of around −25 cm −1 . In C 2 H, the IR experimental spin-orbit splittings for bands G-K vary from −2.2 cm −1 ͑peak J͒ to −7.1 cm −1 ͑peak G͒, supporting the assignment of each band to an X + Ã admixture. In C 2 D, on the other hand, band K has a spin-orbit splitting of −11.2 cm −1 , considerably larger than all the nearby bands, and that is why it is assigned as the "unique" Ã ͑0,0,0͒ 1 level. This assignment is an approximation, since its spin-orbit splitting is only about half of the expected value for a pure Ã state level. Bands I and J have nonzero spin-orbit splittings of −2.2 and −6.6 cm −1 , and H has calculated spin-orbit splitting of −0.5 cm −1 ; all are smaller than for band K but nonzero, indicating some mixing with the Ã state.
The SEVI spectra offer a complementary view of vi- 
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Vibronic structure in C 2 H SEVI spectroscopy J. Chem. Phys. 127, 114313 ͑2007͒ bronic coupling in region III. All bands in this region for both isotopic species undergo s-wave detachment, which, as discussed above, indicates detachment to a neutral level with at least some Ã state character. However, the intensity patterns are quite different for the two isotopic species, with peak G the most intense for C 2 H and peak K the most intense for C 2 D. In fact, the SEVI intensities approximately track the spin-orbit splittings, with the most intense peaks corresponding to those levels with the largest spin-orbit splitting. This correlation suggests that the intensities in the SEVI spectra reflect the extent of Ã state mixing, a perfectly reasonable result since the anion ground vibrational state has good Franck-Condon overlap with the Ã ͑0,0,0͒ for C 2 D, whereas both theory 54 and IR spectroscopy 29, 31 indicate that there is only one allowed vibronic level in the vicinity of each pair of peaks. The experimental band centers for this level fall between K and L for both isotopic species, raising the question of whether K and L represent two distinct vibronic transitions or are components of a single transition. In C 2 H, the closest vibronic level above the one assigned to K is the Ã ͑0,1,0͒ 0 level with ⌺ above peak L. However, as pointed out above, photodetachment to this level is forbidden. Moreover, the corresponding level in C 2 D is at 4017 cm −1 , well above peaks K and L in the C 2 D − SEVI spectrum. It thus appears that we can rule out this level as being responsible for peak L. In C 2 D, the closest allowed vibronic level to the K and L pair is assigned to peak M in the SEVI spectrum.
Therefore, it appears that there is no obvious way to assign peaks K and L to two vibronic transitions, suggesting that they are components of the same transition. One way this might come about is if K and L each represented a group of unresolved rotational transitions associated with a single vibronic transition. Indeed, the IR spectra ͑taken at room temperature͒ from the X ͑0,0 0 ,0͒ state to the upper state responsible for peak K shows the characteristic complicated rotational and spin-orbit structure associated with 2 ⌸-2 ⌺ + transitions and is spread over more than 30 cm −1 . 29,31 When we simulated the rotational structure for photodetachment from the C 2 H − anion 66 and convoluted the result with our experimental resolution, we found that the six branches added up to form a rotational profile with a single peak at the center. However, in C 2 H, peak L appears as a well separated feature of similar intensity as peak K. While the IR spectra for C 2 H from transitions to many other excited states show rotational profiles similar to those for state K, none of the other SEVI peaks split into two features even under similar high-resolution conditions. In C 2 D, peak L, a shoulder on peak K, is spaced from peak K by approximately the spinorbit splitting of that vibronic state, −11 cm −1 . 31 This is not the case in C 2 H, where the spin-orbit splitting is much smaller, −3 cm −1 for peak K, 29 but the spacing between peaks K and L is larger. Hence, the origin of the splitting between K and L in C 2 H is not obvious at this time.
Region IV in Figs. 2 and 3 contain a mixture of vibrations from the ground state and the first excited states in C 2 H and C 2 D. Many of these high energy vibronic levels were observed for the first time in a gas phase experiment. In the C 2 H − spectra, the narrow peak P is assigned to transition to the Ã ͑0,0,1͒ 1 , X ͑0,1 1 ,3͒ vibronic level. The other narrow peaks, R and S, also correspond to vibronic levels with Ã ͑0,0,1͒ 1 character. On the other hand, peaks N, O, and Q, assigned to excited vibrational levels on the X state, are comparably much weaker and broader. This intensity behavior is similar to the Ã ͑0,0,0͒ 1 levels discussed earlier. Region IV in the C 2 D − spectra contains mainly transitions to vibronic levels with Ã state characteristic, with only peak N assigned to an X state vibration. Peaks P and R, assigned to vibronic levels with Ã ͑0,0,1͒ 1 characteristics, are again the strongest transitions in this region. The most likely assignments for the observed peaks in this region are listed in Tables I and II , a few with asterisks to indicate uncertain assignments due to multiple close-lying vibronic levels.
V. CONCLUSIONS
SEVI spectra of the ethynyl and ethynyl-d anions are reported, resolving numerous features associated with photodetachment to the X 2 ⌺ + and Ã 2 ⌸ states that were not observed in previous anion photoelectron spectra, 43, 44 as well as clarifying past problematic assignments. Detailed assignments were carried out based on observed IR frequencies, calculated vibronic levels, and the photoelectron anisotropy parameter of the observed transitions. Several higher-lying vibronic levels of C 2 H and C 2 D were seen here experimentally for the first time. The spectra yield new insights into the vibronic coupling between the X and Ã states near the Ã state origin, with the intensities in this spectral region indicating the degree of Ã state character for each neutral vibronic level. Finally, we showed that SEVI can be applied to transitions involving pure p-wave detachment, even though the cross section for p-wave detachment is very low close to threshold. This result bodes well for the generality of SEVI, since nearly all anions undergo either s-wave or p-wave photodetachment near threshold.
